This paper uses super-efficiency DEA model and Malmquist index to evaluate the carbon emission efficiency (CEE) values of the nine western provinces along the "Silk Road Economic Belt" for the period from 2000 to 2015, and analyses the influencing factors of the CEE. The major findings of this study are the following: (1) the overall CEE of the nine western provinces is not high, and there are significant inter-provincial differences in the CEE. Meanwhile, the provinces with higher levels of economic development generally have higher CEE. (2) The annual total factor productivity (TFP) of the nine western provinces, which is mainly determined by technological change, is greater than 1. Moreover, the total average growth rate of the TFP is 15.5%. (3) The CEE of the nine western provinces is not spatially dependent. In addition, the urbanization, openness, use of energy-saving technologies and research and development (R&D) investment have a significant positive impact on the CEE values, while the industrial structure, foreign direct investment, fixed asset investment, government expenditure levels and energy structure have a significant negative impact on the CEE. Among them, R&D investment is the primary factor in promoting the development of CEE, and the government expenditure has the greatest negative impact on the CEE.
Introduction
In the past 40 y, Chinese economy has grown rapidly. This rapid period of change created a miracle of economic growth which consumed a lot of fossil fuels. In addition, weak awareness of environmental protection and backwardness in energy saving and emission reduction technologies have intensified environmental pollution and the greenhouse effect. China inevitably replaced the United States as the largest energy-consuming and carbon-emitting country in 2007 [1] . As it is well known, soaring economic development is often accompanied by high environmental costs. According to previous related research, the environmental cost caused by air and water pollution was equivalent to 3% -8% of global GDP [2] . As the greenhouse effect continues to intensify, governments have set their national development goals for the 21st century to improve carbon emission efficiency (CEE) so as to achieve low-carbon economy. Because of huge economic aggregates and carbon emissions, China has greater responsibility for carbon emission reduction. In order to better coordinate the relationship between economic development and environment protection, China has promised to achieve the goal of curbing the ongoing growth of carbon dioxide emissions by 2030. Therefore, China has formulated a series of resource-saving policies to alleviate carbon dioxide emissions. Notwithstanding, the key to carbon emission reduction is to improve CEE. Before formulating a scientific and rational energy-saving emission reduction policy, it is necessary to evaluate the CEE and research the factors affecting the CEE based on the current situation of carbon emissions.
There are many relevant studies on CEE. For example, Lu et al. [3] used a hybrid efficiency DEA model to measure the CO 2 emission efficiency in 32 OECD countries. Chang et al. [4] measured the CEE of different regions with a non-radial DEA model to research. In addition, SFA and MCPI methods were also applied to calculate the CEE [5, 6] . Domestic research mostly focused on the assessment of CEE and its influencing factors in nationwide provinces or several large regions [7, 8] . Different kinds of methods, such as non-radial and non-angle DEA, cross-efficiency DEA, super-efficiency DEA and SDDF models, were put forward to study the CEE and its The path analysis of carbon emission reduction: A case study of the Silk Road Economic Belt influencing factors across the country [9] [10] [11] [12] . Meanwhile, there is also some research using SBM and three-stage DEA models to evaluate the CEE of some special regions like Beijing-Tianjin-Hebei and coastal areas [13, 14] . However, the scientific assessment methods of CEE have not been unified. Additionally, these previous studies neglected the dynamic change of CEE under the background of carbon market and most of the analysis of influencing factors did not take the spatial auto-correlation and differences among provinces into consideration [15, 16] , resulting in the lack of credibility with the empirical results. Furthermore, fewer studies selected the western regions as target areas. However, the CEE values of the western regions are far lower than that of the central and eastern regions due to the irrational industrial structure and extensive production modes in the context of low-carbon economic development. Thus, the economic gaps between the western regions and the central or eastern regions had been continuously widening. In order to coordinate the economic development of the west regions and other regions, the State Council issued the "Western Development" strategy in 2000 and the National Development and Reform Commission officially proposed the Belt and Road in March 2015. There are two things that need to be done to ensure coordination and sustainable development among regions. First, the eastern regions should continue to support the development of the western provinces. Second, the western provinces must seek an apt low-carbon economic development path based on their own characteristics. In view of the above discussions, this paper selects nine provinces (except Tibet) along the "Silk Road Economic Belt" as the research areas. Firstly, the super-efficiency DEA model, which could take into account the slackness problems of inputs and outputs caused by the radial and angular choices and directly address the input excess and output shortfall in efficiency measurements, was used to evaluate the nine provinces' CEE. Secondly, we used the Malmquist index to analyze their dynamic characteristics and then the Moran's I index was adopted to exclude the spatial dependence of CEE in the nine western provinces. Finally, the Tobit model was applied to analyze its influencing factors. In a nutshell this paper seeks the key paths for low-carbon economic development in the nine western provinces and provides new insights for coordinated regional development. Compared with the traditional DEA model, the super-efficiency DEA model excludes the decision-making unit to be evaluated from the decision-making set. Additionally, its frontier surface changes accordingly so that the efficiency value can be measured, while the inefficiency value does not change. Therefore, it is possible to subdivide and reorder multiple decision units and distinguish multiple decision units in production foreword.
Empirical Research Design
To facilitate the presentation of the essential ideals without loss of generality, this paper assumes that there are N decision-making units, using K kinds of inputs to produce M kinds of outputs.
We use vectors                  ′ and                  ′ to represent DMU j, the decision making unit. When evaluating the efficiency of the decision-making unit   , the specific calculation formula of the super-efficiency DEA model can be constructed as follows. Fig. 1 , it is assumed that point A, B, and C are all high decision making units with an efficiency value of 1, and point E represents a low production efficiency point. When calculating the efficiency value of the point B1, the point B is excluded, so that the two points A and C are used as the frontier surface, and the line segment BB 1 is the amplitude that the input amount can be increased. Therefore, the super-efficiency value of the point B is calculated by     . This value is greater than 1. The point E, which will not affect the production frontier when excluded, is the lower efficiency point. Hence, the super-efficiency DEA model has no effect on the low-efficiency evaluation subject results and can be used to compare the relative size of the high-efficiency evaluation subjects. 
Malmquist productivity index
The Malmquist Productivity Index (MPI) was first proposed by Sten Malmquist in 1953. The index was commonly used to measure the productivity change. It was applied to measure the efficiency changes in the 1980s, which was quickly forgotten for some reasons. Until 1994, the MPI was widely accepted and adopted when first used in conjunction with DEA. Suppose that         and           are the efficiency values of decision-making unit at the period t for the reference technology at the period t and t+1. Further suppose that             and               are the efficiency values of DMU at the time t+1 for the reference technology at the time t and t+1. The MPI defines total factor productivity (TFP) as:
For better presentation, the above formula can be simplified to:
Eq. (4) shows that TFP is equal to the product of technical efficiency change (EC) and technological change (TC), while TC equals the product of pure technical efficiency (PE) and scale efficiency (SE). If the   , it indicates that the efficiency of the TFP is increased from time  to the time   . On the contrary, if the   , indicating that the TFP is reduced during the period from  to   .
Moran's I index
The Moran's I index can be applied to test whether there is spatial auto-correlation in the carbon emission efficiency of the nine western provinces. The specific formula of Moran's I index is the following:
Where n is the number of spatial units, representing the number of provinces, and   represents the element   of the spatial weight matrix, which is a binary virtual variable. In this paper,   is used to measure whether the regions are adjacent. If any two regions are adjacent, the value of   is one, otherwise zero. We all know that  ∈   , on the basis that the test result is significant, if  ∈  , it means that the value of CEE between the regions exhibits agglomeration. Apparently, it is shown that the province with higher CEE has a higher CEE in its neighboring provinces. Similarly, when  ∈   , on the basis that the test result is significant, the province with high CEE has a lower CEE in their neighboring provinces. On the contrary, if the value equals to zero or test result is not significant, it indicates that there is no spatial correlation among the provinces. While the closer the value is to one, the stronger the spatial correlation among provinces.
Variable Selection and Data Source
Previous studies established the input-output index system of CEE on the basis of production function. Compared with the Cobb-Douglas production function, natural resources, substituted by the total energy consumption, are added into the input factors. Meanwhile, labor force and capital are replaced by total employed population and fixed assets investment, respectively. Accordingly, this paper chooses fixed assets investment, total employed population and total energy consumption as input indicators, while the GDP is selected as the desirable output indicator. Additionally, the carbon dioxide emission, usually treated as an input variable, is the undesirable output indicator [13, 17, 18] . In the paper, the CEE is calculated by the above input-output indicator system. Based on existing relevant literature, the factors affecting CEE include industrial structure, energy structure [19] , urbanization [20] , research and development (R&D) investment [18] , foreign investment, openness, government expenditure and fixed assets investment [17, 21, 22] . In addition, the indicator of environmental protection technology, which can improve the efficiency of carbon dioxide emissions, has not been taken into consideration in this paper because a lot of data are missing. Therefore, we define the ratio of GDP to CO 2 emissions as a measure of energy-saving technology use. The higher the ratio, the less carbon dioxide produced per unit of GDP. In addition, we use Stata software to perform Stepwise Regression, the results show that all indexes should be included in the model, reflecting that there is no multicollinearity. The symbolic representation of each variable and its specific meaning are shown in Table 1 .
The data in this paper is obtained from the Wind Financial Database and the China Statistical Yearbook (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The "Silk Road Economic Belt" involves ten western provinces including Inner Mongolia, Guangxi, Chongqing, Yunnan, Tibet, Shaanxi, Gansu, Ningxia, Qinghai and Xinjiang. However, due to the serious lack of data in Tibet, only the remaining nine provinces are selected for investigation in this article. Meanwhile, because of lack of data from the time period before 2000 and after 2015. The authors 
Degree of urbanization
The proportion of urban population
The ratio of total import and export trade to local GDP  
Energy-saving technology
The ratio of environmental protection investment to local GDP  
Foreign direct investment
The ratio of foreign direct investment to local GDP  
Fixed assets investment
The ratio of fixed assets investment to local GDP  
R&D investment The ratio of R&D investment to local GDP  

Government expenditure
The ratio of local fiscal expenditure to local GDP
Energy structure The ratio of coal consumption to total resource consumption selected the duration from 2000 to 2015 as study period. In addition, the economic indicators, such as GDP and fixed asset investment were adjusted on the basis of constant price for the year 2000. The CO 2 emissions of each province are calculated according to the energy consumption carbon footprint model in the IPCC (2006) National Greenhouse Gas Inventories Guide, which estimates by primary energy consumption including raw coal, crude oil and natural gas use. The CO 2 emissions coefficient of various energy sources is determined as follows:
Where,   is the consumption of carbon-containing energy,   represents the average low calorific value,   displays the amount of carbon contained in the unit calorific value and   indicates the carbon oxidation factor.
Remarks:
(1) Low (position) heat equal to 29,307 kJ of fuel, referred to as 1 kg of standard coal (1 kgce) ( 2) The first two columns of the above The data of total energy consumption (10,000 tons of standard coal) in the nine western provinces can be obtained from the China Statistical Yearbook (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The carbon dioxide emissions of the nine western provinces for the time period from 2000 to 2015 can be calculated from the carbon emission coefficient of raw coal. The specific values are shown in Table 3 : 
Analysis of Empirical Results
Static Analysis of CEE
The annual CEE values of the nine western provinces from 2000 to 2015 are calculated by the EMS 1.3 software. The specific values are shown in Table 4 . In addition, Fig. 2 further depicts the trends in the nine western provinces.
As shown in Table 4 ,
Firstly, the overall level of CEE in the nine western provinces is not high and the fluctuations are small. The average CEE of the nine western provinces is in the stage of diminishing returns to scale for most of the years, this is related to the lower level of economic development, excessive proportion of the secondary industry and extensive production method in the western regions, as well as the lack of technological innovation.
Secondly, there are significant inter-provincial differences in CEE among provinces. Furthermore, those provinces with more developed economies have higher CEE as a whole. From 2000 to 2015, the economic development levels of the nine western provinces, from high to low, are ranked as follow: Guangxi, Yunnan, Shaanxi, Chongqing, Inner Mongolia, Xinjiang, Gansu, Ningxia and Qinghai. This might be because in provinces with higher economic levels, the governments have greater capacity to conduct research on energy-saving technologies and advocate energy conservation and emission reduction. Therefore, companies and residents in the province have stronger awareness of ecological protection, which ultimately facilitates the improvement of carbon emission efficiency. Only the rankings' of Inner Mongolia and Chongqing interchanged between 2008 and 2011, while the rankings' of other provinces remained completely unchanged. Moreover,the list when the the average CEE of each province ranked from high to low is as follows; Xinjiang, Guangxi, Chongqing, Shaanxi, Yunnan, Inner Mongolia, Gansu, Ningxia and Qinghai. This depicts that showing that the provinces with higher economic development levels have higher CEE with the exception of Xinjiang. This province is sparsely-populated and located in the northwest of China and has vigorously developed its import-export trade with many countries and has kept a lower proportion of secondary industry in contrast with the other eight provinces in the last sixteen years. This is conducive to energy saving and emission reduction, thereby greatly improving the CEE.
Dynamic Analysis of CEE
Using Eq. (4), the CEE of the nine western provinces can be calculated by the DEAP 2.1 software and dynamically decomposed according to the decision-making unit and time (shown in Table  5 and Table 6 ).
In general, the average TFP growth rate of the nine western provinces from 2000 to 2015 was 15.5%, and the average growth Table 5 using Eq. (4), it is clear that the TFP mainly depends on the TC, while the TC depends on the provinces' governments support for technology introduction and technological innovation, which has greatly improved the emission reduction efficiency. As shown in Table 5 , the average value of TFP for the nine western provinces is greater than 1 and the differences in TFP growth rates between provinces are less than 5%, indicating that the TFP of the nine western provinces has been improving over the past 16 y. The TFP of Inner Mongolia ranks first while the value of Xinjiang ranks last among the nine western provinces. According to the Eq. (4), the authorities of Xinjiang should focus on improving the province's PE and SE. As represented above, the governments of the nine western 
Analysis of Factors Affecting CEE
This paper took the value of CEE (  ) as the dependent variable and selected the industrial structure (
, government expenditure (  ) and energy structure (  ) as independent variables. Before constructing the model, the spatial auto-correlation of CEE values in the nine provinces was tested by Moran's I index. (The specific test results can be seen from the supplementary materials; Table S1 ) It is known that the null hypothesis of Moran's I index is "no spatial auto-correlation". If and only if the value of global Moran's I index is significant and not zero, the test result rejects the null hypothesis, implying that there is spatial auto-correlation. The global Moran's I index values from 2000 to 2014 are negative and not significant. Only the index value in 2015 is positive, but it is still not significant. Obviously, all the values of global Moran's I index are not significant, representing that the null hypothesis of "no spatial auto-correlation" is accepted and further indicating that there is no spatial dependence on the province's CEE values. That is, the spatial evolution process of CEE in the nine western provinces is unique and independent. Therefore, it is not necessary to use the spatial measurement model. Since all the calculated CEE values exceed 0.5 and the collected data are truncated, ordinary least square method (OLS) cannot fully present the data, resulting in estimation deviation, so the Tobit regression model is apt for the analysis of influencing factors. (The specific regression results can be seen from Table S2 ).
The empirical results of all independent variables passed the significance test, and most of the regression results were consistent with expectations. Among them, the urbanization, openness, energy-saving technology and R&D investment have a significant positive impact on the values of CEE in the nine western provinces and the specific impact values are 0.00693, 0.000415, 0.425 and 6.592, respectively. On the contrary, the industrial structure, foreign direct investment, fixed asset investment, government expenditure and energy structure have a significant negative impact on the CEE values of the nine western provinces, with the impact values of 0.0594, 0.00721, 0.306, 0.718 and 0.426, respectively.
Specifically, it is not difficult to find that the R&D investment has the greatest promotion effect on the CEE of the nine western provinces, with an impact value of 6.592, indicating that R&D investment is the primary driving force for the development of a low-carbon economy. The nine western provinces have increased the investment in technology introduction and independent in-novation, which not only encourages companies to produce more green products and make full use of renewable energy technologies to save energy consumption [23, 24] , but also facilitates the adjustment and upgrading of industrial structure. There is no doubt that the above measures are conducive to the promotion of carbon fixation and utilization technology, thereby reducing carbon intensity [25] . In contrast, government expenditure has the greatest negative impact on CEE, because only a small part of government fiscal expenditure is spent on environment protection. Most of the government fiscal expenditures are still used in high energy consumption and high emission areas such as infrastructure. This has the effect of driving the development of related high energy consumption and high emission industries, thus having a significant negative impact on the value of CEE. In summary, R&D investment and government expenditure are the two most important factors that should be attached to greater importance in the development of a low-carbon economy. The governments of the nine western provinces are supposed to increase the proportion of environmental protection expenditures while increasing R&D investment.
In addition, the energy-saving technology, urbanization and openness have a significant positive impact on the value of CEE, and the degree of their impacts is reduced in turn. The energy-saving technology has a significant positive effect on CEE, indicating that the improvement and upgrading of energy-saving technologies can reduce carbon emissions so as to improve CEE. The regression coefficient of the urbanization is significantly positive, implying that cities with a higher degree of urbanization depend more on high-tech industries. In order to improve economic development, local governments can impose more restrictions on high-energy and high-emissions given off by enterprises which will lead to the improvement of the value of CEE. Moreover, the regression coefficient of the openness, that is, the proportion of import and export trade, is markedly positive, representing that the fierce competition in the process of import and export has prompted exporting countries to actively acquire technological spillovers through learning and business contacts, stimulating enterprises to increase their own exports through independent innovation. The competitiveness in trade, which in turn reduces carbon emissions and achieves higher economic returns, thus promotes the improvement of CEE and is beneficial to the development of a low-carbon economy.
On the contrary, the energy structure, industrial structure, fixed asset investment level and foreign direct investment have a significant negative impact on CEE, and the degrees of impact decrease in turn. The regression coefficient of the energy structure, that is, the proportion of coal consumption, is significantly negative, indicating that the proportion of coal consumption has a significant negative impact on CEE. The governments of the nine western provinces should take positive efforts to reduce the proportion of coal use in an orderly manner, actively develop new energy sources, and vigorously support the use of clean energy, thereby improving CEE and achieving low-carbon economic development. The regression coefficient of the industrial structure, that is, the proportion of the secondary industry, is significantly negative, indicating that the proportion of the secondary industry has a significant negative impact on the efficiency of carbon emissions. The development of a low-carbon economy in the nine western provinces cannot be over-reliant on the secondary industries with high energy consumption and high carbon emissions. It is necessary to rationally adjust the industrial structure, carry out industrial upgrading, and appropriately increase the proportion of the tertiary industry. The fixed asset investment and foreign direct investment refer to the proportion of fixed assets investment and foreign direct investment in local GDP, respectively, and their regression coefficients are significantly negative. This is because fixed asset investment and foreign investment are mainly concentrated in high-emission and high-energy-consuming fields such as industry and real estate, which has a significant inhibitory effect on the improvement of CEE.
Conclusions and Policy Implications
In this paper, the super-efficiency DEA method was used to calculate the CEE of the nine western provinces along the "Silk Road Economic Belt" from 2000 to 2015, and the Malmquist Index was carried out for its dynamic and static analysis. Then the global Moran's I index was applied to test the spatial auto-correlation between the provinces. Finally the Tobit regression model was constructed to analyze the factors affecting CEE. The specific research conclusions are summarized as follows.
(1) The overall average level of CEE in the nine western provinces from 2000 to 2015 is not high, and the fluctuation is small. The inter-provincial differences of CEE are significant as well as the obvious differences in economic development levels, displaying that the provinces with higher levels of economic development have a higher CEE. The above conclusions can be explained mainly from two aspects. For one thing, the proportion of the secondary industry in the nine western provinces is too high and the production methods are relatively extensive, which greatly increased CO 2 emissions per unit of output value. For another thing, the nine western provinces lack cooperation in technological innovation, environmental governance and capital investment, and thus cannot play a synergistic effect in the development of a low-carbon economy. Among them, due to the vast territory and good regional advantages, Xinjiang has a high export trade quota and a relatively low proportion of the secondary industry. Thus, its overall average value of CEE ranks first, and the annual CEE from 2000 to 2015 is greater than 1. In contrast, Qinghai, with a higher proportion of the secondary industry and lowest level of economic development in the nine western countries, ranks last in terms of the overall average CEE, which is in a relatively serious stage of diminishing returns to scale. Therefore, it is necessary for the nine western provinces to carry out more extensive strategic cooperation in technological innovation, talent exchange, and environmental protection. This will result in greater synergy and jointly achieve the goal of low-carbon economic development and narrowing the development gap between the western, eastern and center regions.
(2) On the whole, the average value of TFP in the nine western provinces from 2000 to 2015 is greater than 1, and the overall TFP has increased by 15.5%. The growth rate gaps between provinces do not exceed 5%. In addition, the average growth rate of EC and the average growth rate of TC were 0.3% and 15.1%, respectively. The value of TFP is mainly determined by TC and has the same trend with TC. With respect to TC, the main sources are technology introduction and technological innovation. In the process of seeking higher CEE, the authorities of the nine western provinces should pay more attention to introducing supporting incentive policies so as to facilitate technology introduction and independent innovation, thereby improving the value of TFP.
(3) The test results of global Moran's I index imply that the CEE values of the nine western provinces are not spatially dependent, that is, there is no spatial agglomeration effect in the nine western provinces, which is totally contrary to the test results of the national or eastern regions. In addition, the regression results of Tobit model indicate that the impacts of R&D investment, energy-saving technology, urbanization and openness on CEE are significantly positive, and the degrees of influence decrease in turn. Therefore, the governments of the nine western provinces should improve CEE on the basis of following suggestions. Firstly, increasing R&D investment to promote the technological innovation and development, especially the energy-saving technology. Secondly, by promoting urbanization, high-tech industries can gain more opportunities for development. Thirdly, encouraging import and export trade so as to reduce high-emissions commercial transactions. The impacts of government expenditure, energy structure, industrial structure, fixed asset investment and foreign direct investment on CEE are significantly negative and the degrees of their influences decrease in turn. First of all, the authorities of nine western provinces should formulate a reasonable government expenditure plan and appropriately increase the proportion of environmental protection expenditures. Then, reducing the proportion of coal use and increasing the scale of clean energy use. Meanwhile, increasing the proportion of the tertiary industry and promoting the coordinated development of the three major industries. Further, reducing the proportion of fixed assets investment and strictly selecting the foreign investors to avoid excessive investment in high-energy and high-emission industries. Among them, R&D investment has the greatest positive impact on the CEE of the nine western provinces, while the government expenditure has the most negative impact on the CEE of the nine western provinces, which is worthy of more attention.
(4) To establish the carbon emissions trading market and to make the market play an automatic adjustment role. In addition to setting strict carbon emission targets, the authorities should also be encouraged to effectively control carbon emissions through carbon emissions trading, using external markets to regulate carbon emissions. Furthermore, carbon emissions trading will encourage companies to improve the CEE by introducing technology and technological innovation, which is conductive to saving energy consumption and trading the remaining carbon emission indicators in order to obtain additional income. The income from carbon emissions trading in turn will also stimulate enterprises to increase investment in technology research and development, thus forming a virtuous cycle of technology research and development.
